In cellular systems environmental and metabolic signals are integrated for the conditional control of gene expression. On the other hand, artificial manipulation of gene expression is of high interest for metabolic and genetic engineering. Especially the reprogramming of gene expression patterns to orchestrate cellular responses in a predictable fashion is considered to be of great importance. Here we introduce a highly modular RNA-based system for performing Boolean logic computation at a post-transcriptional level in Escherichia coli. We have previously shown that artificial riboswitches can be constructed by utilizing ligand-dependent Hammerhead ribozymes (aptazymes). Employing RNA self-cleavage as the expression platform-mechanism of an artificial riboswitch has the advantage that it can be applied to control several classes of RNAs such as mRNAs, tRNAs, and rRNAs. Due to the highly modular and orthogonal nature of these switches it is possible to combine aptazyme regulation of activating a suppressor tRNA with the regulation of mRNA translation initiation. The different RNA classes can be controlled individually by using distinct aptamers for individual RNA switches. Boolean logic devices are assembled by combining such switches in order to act on the expression of a single mRNA. In order to demonstrate the high modularity, a series of two-input Boolean logic operators were constructed. For this purpose, we expanded our aptazyme toolbox with switches comprising novel behaviours with respect to the small molecule triggers thiamine pyrophosphate (TPP) and theophylline. Then, individual switches were combined to yield AND, NOR, and ANDNOT gates. This study demonstrates that post-transcriptional aptazyme-based switches represent versatile tools for engineering advanced genetic devices and circuits without the need for regulatory protein cofactors.
Introduction
Manipulating naturally occurring and implementing artificial genetic circuits are of great importance for future diagnostic, therapeutic, and biosensing applications. 1 Until today, molecular and synthetic biologists have assembled addressable genetic devices in order to implement oscillators, 2 counters, 3 signal filters, 4 memory devices, 5 photo-inducible switches 6 and molecular computation. [7] [8] [9] Nevertheless, most of the currently available platforms for regulating gene expression utilize and hence strongly rely on the presence of proteins such as transcription factors.
However, post-transcriptional devices for controlling gene expression represent versatile systems that exploit interesting RNA properties such as catalysis and ligand-binding encoded in small sequence spaces compared to proteins. 7, 8, [10] [11] [12] [13] A trademark of any computing device is the conversion of an input into a defined output signal, which in turn can be picked up by another sensor unit within an information processing cascade. The capacity of a computing device rests upon the scalability of its single subunits. Importantly, a processing unit can transform a single input into multiple outputs and vice versa. Any computational operation can be abstracted into binary Boolean logic gates. For illustration, binary logic gates are often represented by truth tables in which the performance for every possible combination of input states is shown. In Fig. 1A the truth tables of the AND, NOR, and ANDNOT gates are shown. Binary Boolean logic operations allow for the construction of highly complex information processing networks through the modular assembly of basic logic gates. The enormous potential of logic computation has been demonstrated by the breath-taking advances in electronic engineering in the past decades. 14, 15 With respect to biomolecular computing, nucleic acids are particularly versatile for reading, writing, computing and storing information. In particular, researchers have made use of the diverse functions of DNA and RNA to construct simple information processors which are able to perform rudimentary molecular computation in vitro, 16 whereas only a few artificial in vivo systems have been realized. 7, 8 Notably, the discovery of naturally occurring riboswitches has revealed a wide-spread class of cis-regulatory RNA control mechanisms. 17 Riboswitches are located within the 5 0 -untranslated regions of an mRNA. Binding of a small molecule ligand to its aptamer domain controls gene expression. 18 In addition to simple riboswitch architectures, aptamer domains assembled in tandem are able to control important cellular functions in a more complex, computational fashion. [19] [20] [21] Win and Smolke reported a comparable artificial concept in Saccharomyces cerevisiae. They assembled cis-regulatory RNA-devices resulting in AND, NOR and NAND biomolecular devices. 8 The basic concept in this and our own RNA-based switches of gene expression is a small molecule-dependent, ribozyme-mediated RNA cleavage reaction. The Hammerhead ribozyme (HHR) can be engineered ligand-dependent by the attachment of an aptamer domain as a sensor unit to one of its stems. 22, 23 We have successively developed this regulation principle to function modularly in different species and RNA classes. In the beginning, utilization of an mRNA was controlled by the insertion of ligand-dependent ribozymes into eukaryotes and E. coli. 8, 24, 25 In particular, we developed a HHR-based artificial riboswitch in E. coli which depends on the accessibility of the ribosome binding site (RBS) (Fig. 1C) . The HHR is attached to the mRNA in a way that only cleavage of the HHR leads to liberation of the RBS and hence results in translation of the message. 24, 26 In a further approach we demonstrated that ligand-dependent ribozymes can be designed in order to regulate tRNA activity in E. coli. For this purpose an amber suppressor tRNA Ser CUA is rendered non-functional by joining of a HHR to the 5 0 -end of the tRNA. The disruption of the acceptor and D arms through base-pairing to an extension of the ribozyme is reversed by HHR-dependent cleavage and subsequent dissociation of the two fragments. The liberated tRNA can then suppress an amber stop codon on a reporter mRNA, thereby preventing premature termination of translation by the incorporation of serine. 27 Importantly, our aptazymes have also been utilized to control siRNA processing 28 and 16S rRNA integrity. 29 In addition, methods for the construction of orthogonal riboswitches with altered ligand specificities have been reported [30] [31] [32] which make aptazymes highly suited for their modular assembly and the construction of multiple input computational devices. 24, 33 However, aptazyme-controlled functional RNAs have never been combined in a control network that performs higher-order computation in E. coli. Here, we show that the modular assembly of ligand-dependent RNAs allows the construction of genetic two-input logic gates. The control mechanisms rely on the catalytic activity of the HHRs since ligand-regulated cleavage results in either liberation of the RBS or the activation of a functional amber suppressor tRNA Ser CUA . 
Results and discussion

Setup and expansion of the HHR-based toolbox
In order to construct genetic two-input logic gates we designed an expression system where signals are integrated via two different HHR-based switches: the first controls translational initiation of an eGFP-coding mRNA and the other regulates amber stop codon suppression of the same message by regulating a cognate tRNA. The individual ribozymes are controlled by either the small molecule theophylline or the co-factor thiamine pyrophosphate (TPP), Fig. 1B and C .
The switches which we reported in earlier studies would have only allowed for the construction of a limited arsenal of binary logic gates. 24, 26, 27 Therefore, we expanded and characterized the currently available collection. The screened aptazymes displayed high modularity because aptazymes screened within one context (in our case the tRNA system) allowed for the transfer to another functional RNA (the mRNA-based control of RBS) and retain their switching behaviour.
The construction of binary logic gates requires liganddependent ''ON'' and ''OFF'' switches. For example, the AND gate depends on the rewiring of two ''ON'' switches with diverging ligand-specificities ( Fig. 1 ). The AND gate only gives rise to an binary output of 1 if both inputs are present but if either one or none of the inputs are present no binary output of 0 is produced. In contrast, the NOR gate can be realized by two ''OFF'' switches and an output of 1 is only produced if none of the inputs is present. Hence, the construction of various different biomolecular, gene-expression-based logic gates depends on a rich toolbox of ''ON'' and ''OFF'' switches with altered ligand specificities. However, the current toolbox 24, 26, 27 ( Fig. 2A and B) would have only allowed for the creation of the AND and theo_ANDNOT_TPP gates because the assembly of the NOR gate and the TPP_ANDNOT_theo gate necessitates a TPP-or theophylline-dependent OFF-tRNA Ser CUA switch.
We expanded the collection of currently available HHR-based genetic switches within this study. We performed an in vivo screen for TPP-dependent ON-tRNA and OFF-tRNA switches. The identity of the connection sequence between the aptamer and the HHR scaffold has been proven to be crucial for the liganddependent switching behaviour of aptazymes. 26 At first, the thiM aptamer domain 12 was connected via a randomized connection sequence to the tRNA. Screening was performed in the presence and absence of thiamine in the growth medium and was based on differential expression of eGFP. Thiamine is actively transported into the cell and subsequently enzymatically converted into biologically active TPP. 34 We were able to identify a TPPdependent ON-tRNA switch (Fig. 2C) , whereas TPP-dependent OFF-tRNA switches were not obtained. This is in contrast to the previous screen in the context of mRNAs which yielded TPP-dependent ON-RBS as well as OFF-RBS switches. 24 In addition, we screened for theophylline dependent OFF-tRNA switches. Screening of an asymmetric connection sequence of five randomized nucleotides resulted in a clone with OFF switch behaviour (Fig. 2C) . We wondered whether the connection sequence of the OFF-tRNA switch allowed for the theophylline dependent sequestration of the RBS. Indeed, transfer of the screened aptazyme resulted in the generation of a theophylline-dependent OFF-RBS switch with a 2-fold reduced reporter gene expression at 2 mM theophylline compared to the absence of an inducer in the culture medium. Hence, our results demonstrate the modular nature of aptazymes since a transfer from one functional RNA class to another by retaining their ligand-specific switching behaviour is facilitated. This observation is in accordance with previous studies by our group as well as Yokobayashi and co-workers.
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Construction of two-input logic gates
We next investigated whether two orthogonally acting riboswitches, one controlling the generation of a functional amber suppressor tRNA and the other controlling translation initiation of an mRNA (RBS), could be assembled in order to operate as binary logic gates (Fig. 1B and C) . Importantly, all switches used in our study showed significantly altered reporter gene expression only in the presence of their assigned ligand with no cross-talk with the second ligand being observed ( Fig. 2B and C) . In addition, constitutive eGFP reporter gene expression was not influenced by any of the ligands (Fig. 3A) . In general, we observed that combination of both tRNA and mRNA switches significantly reduced absolute reporter gene expression compared to systems with only tRNA or mRNA control mechanisms.
We first aimed for the creation of the AND gate (Fig. 3B ). For this purpose, we combined the theoON-tRNA and the tpp 1.20 ON-RBS switches to act on the expression of a single eGFP RNA transcript. Within this design only in the presence of TPP the RBS was accessible to the small ribosomal subunit as cleavage of the TPP-dependent HHR led to liberation of the SD sequence (Fig. 1C) . However, if the second input theophylline is absent translation stops because the ribosome is unable to decode the amber stop codon. The presence of theophylline generates a functional tRNA ser CUA and results in production of a full-length fluorescent protein which corresponds to the binary output value of ''1''. Indeed, highest eGFP expression was observed in the presence of both ligands, see Fig. 3B . The observed background eGFP expression presumably results from leaky control of the individual switches. As shown before, the switching performance of the individual switches is varying from 3-to 4-fold, see Fig. 2B . Upon combination, the residual expression in the ''OFF'' state adds up over both systems, resulting in higher background signals in the designed logic gates. By definition, binary logic gates display only two possible states (0 and 1) and ideally gene expression should be either fully turned ''ON'' or ''OFF'' in genetically-encoded gates. However, perfect circuit performance is usually not achieved in reality due to a noisy environment and leaky control. 35 Similarly, in electronic digital circuits signals are impaired by voltage drops and external factors. In order to cope with this phenomenon, the assignment of the binary digits 0 and 1 is based on the definition of a threshold value. Thereby, the analog response of the circuit is converted into a digital response discerning the ''0''/''1'' or ''ON''/''OFF'' state. See below for a more detailed discussion about defining the threshold values.
In order to demonstrate the highly modular and orthogonal properties of the individual switches we then assembled an NOR gate (Fig. 3C) . The NOR gate is of particular interest because it represents a universal building block for the construction of all other logic gates 36 Implementation of the NOR gate was based on the assembly of the tpp 1.20 OFF-RBS and theoOFF-tRNA Ser switches. The NOR gate yielded high fluorescence values when thiamine and theophylline were absent in the culture medium; whereas the presence of either one or both inputs decreased gene expression by two fold.
The combination of ''ON'' and ''OFF'' switches with different ligand specificities resulted in ANDNOT logic operations (Fig. 3D to F) . The ANDNOT gate discriminates between its inputs, and produces an output of 1 only if one input is present but the other input is absent. Hence, there are two possible ANDNOT gates with different switching behaviours, termed TPP_ANDNOT_theo and theo_ANDNOT_TPP in this study. In TPP_ANDNOT1_theo the tpp 1.20 ON-RBS and theoOFF-tRNA Ser switches were assembled which resulted in high fluorescence only if TPP was sensed. The same circuit behaviour was realized in ANDNOT3, in which theoOFF-RBS and tpp 1.20 ON-tRNA switches were combined. The theo_ANDNOT2_TPP operation was obtained in which only theophylline addition to the culture medium resulted in a binary output of ''1'' by combining the tpp 2.5 OFF-RBS and theoON-tRNA Ser switches. Additional build-up of complexity could be obtained by using layers of switches which we reported in this study. For example the assembly of the TPP_ANDNOT_theo and theo_ANDNOT_TPP gates would allow for the construction of an XOR gate.
The gates which are presented in this study displayed a robust and reproducible switching behaviour. The greatest absolute changes in fluorescence are observed between the ON and the highest OFF state, whereas the changes between the individual OFF states were comparatively small. Consequentially, a wide range of potential threshold values of expressions are possible in order to define the respective logic behaviour. The individual threshold values are arbitrarily chosen for illustration purposes. By drastically shifting threshold values other logic behaviours are obtained, e.g. in Fig. 3E setting a threshold at 300 a.u. instead of 850 a.u. the former theo_ANDNOT_TPP gate would become a NOT gate. We have set threshold values for each constructed gate which in turn define the respective ''ON'' and ''OFF'' states of gene expression. In particular, the observed values for the ''ON''/''OFF'' ratios are comparable to a previous study, in which the construction of logic gates through cis-assembly of aptazymes resulted in switching View Article Online ratios of 1.5 to 2.5 fold. 8, 37 We assume that the relatively high background fluorescence in the OFF state of our systems is primarily caused by leaky operation of the aptazyme-based switches.
For future applications the performance of the RNAswitches could be improved. In vivo evolution techniques and selection procedures are promising approaches for generating RNA regulators with even better performances. 38, 39 However, a recent example suggests that even small switching ratios of aptazyme-based regulatory devices are sufficient in order to control biological processes. 40 In general, instead of using eGFP as a reporter gene for easy monitoring of the output expression more functional actuators could be expressed that interconnect with fundamental cellular processes such as intracellular responses or cell-to-cell communications. 9, 41, 42 In the case of the tRNA riboswitches one source which contributes to a limited performance of these switches could be inefficient amber stop codon decoding because the amber suppressor tRNA competes with release factor 1 (RF1). In the context of genetic code expansion by incorporating unnatural amino acids RF1 knockout resulted in drastically increased efficiency of decoding.
43,44
Conclusion
In general, the information processing capacity could be easily expanded if the presented RNA-based switches would be combined with protein-based strategies for conditional gene expression.
14 This should open the possibility to construct more complex devices such as XOR, OR and NAND gates. Higher-order bio-computing devices in bacterial cells have so far only been established by encoding simple logic gates in distinct cell populations that are interconnected to consortia using quorum sensing. 42 Increasing the circuit complexity in single host cells could be achieved by combining posttranscriptional RNA-based switches with transcriptional proteinbased strategies. In addition, the presented concept should not be restricted to E. coli. In previous studies by our group and others it was demonstrated that eukaryotic mRNA expression could be regulated by controlling mRNA stability in cis or by aptazyme-mediated pri-miRNA processing. 8, 45, 46 Moreover, amber stop codon decoding has also been demonstrated in eukaryotes and aptazyme-dependent tRNA activation should be transferable to higher organisms as well. 47, 48 For example, the combination of various transcriptional-and translationalcontrol components resulted in programmable, complex circuits ranging from the XOR gate to the half-adder in single mammalian cells. 49 This concept could also be applied for the genetic assembly of the half-adder and half-subtractor within one host bacterial cell and ultimately combined with cell-tocell communication to achieve even more complexity.
In summary, we rationally designed and constructed Boolean logic gates composed of two modular aptazyme-based RNA switches. Each of these switches responds to a different ligand input and controls a distinct RNA class. We expanded the currently available toolbox by several ''ON'' and ''OFF'' switches and demonstrated the modularity of the concept by transferring an aptazyme domain from one functional RNA class to another while retaining the switching behaviour. Combinations of the two control systems are achieved by both an aptazyme-mediated liberation of the ribosome binding site as well as activation of a tRNA that decodes an amber codon on a single eGFP transcript. Different gates such as the AND, NOR, and ANDNOT operation have been implemented with RNA switches displaying a variety of ligand-dependent activities. The results demonstrate that the utilized RNA switches are highly modular and can be assembled in an orthogonal fashion into more complex devices. Although the switching View Article Online performances need to be optimized for even more complex assemblies, this and other studies demonstrate that RNA switches already represent versatile tools for engineering advanced genetic devices and circuits.
Materials and methods
Plasmids for in vivo screening
Two plasmid libraries, one containing theophylline aptamer and the other one containing the TPP-aptamer with randomized connection sequences, were created based on the previously reported template pMAB501. 27 Plasmid libraries were generated by site directed mutagenesis using Phusion Polymerase (Finzyme). Primer pairs carried a 5 0 -overhang encoding the randomized connection sequence and the respective aptamer domain. For introduction of the theophylline-dependent pool the primers ''pMAB 501 theoHHAz 3N fw'' and ''pMAB 501 theoHHAz 2N ry'' and for the TPP-dependent pool the primers ''pMAB 501 thiaHHAz 3N fw'' and ''pMAB 501 thiaHHAz 3N rv'' were used. The template plasmid was digested with Dpn1 and the PCR products blunt-end ligated (Quick Ligase, NEB). Subsequently, the plasmid pool was transformed into E. coli BL21 (DE3) gold (Stratagene).
Plasmid construction for two-input logic gates
The plasmids encoding the two-input logic gates are based on the pMAB501 vector. 27 All plasmids have a chloramphenicol acetyl transferase selection marker which was introduced by excision of the AmpR of pMAB501 using the primers ''pHWB1 w/o ampRrv'' and ''pHWB1 w/o ampRfw'', and insertion of the CmR gene which was amplified from the pMyr plasmid with primers ''pMyrchlorRfw'' and ''pMyrchlorRrv''. An exception is the ANDNOT3 gate which was encoded on the original pMAB501 gate and carries the AmpR gene. For the construction of plasmids encoding two-input logic gates the respective RBS-dependent aptazymes were inserted into the 5 0 -UTR of eGFP within the pMAB501 plasmid by PCR with primers encoding the aptazyme sequence within their 5 0 overhang. Successful molecular cloning of all constructed plasmids was confirmed by sequencing. 
In vivo screening
In general, single colonies were picked into medium and incubated vigorously shaking at 37 1C. After grown-out, cells were regrown in the presence and absence of the respective inducers and the GFP fluorescence was determined. Initial screening was performed in 384-well plates and hits were validated as triplicates in 96-well plates. The screening of theophylline-dependent switches was performed in LB medium, whereas screening of TPP-dependent switches was carried out in M63 medium. In order to obtain the identity of the randomized nucleotides, plasmids were isolated (Miniprep Kit, Zymo Research) and sequenced.
Two-input logic gates
Cells were grown overnight in M63 medium supplemented with antibiotics. Bacterial suspensions were then diluted 1 : 100 into fresh M63 medium containing the respective inducers (2 mM theophylline and/or 500 mM thiamine) and grown at 37 1C vigorously shaking overnight. Fluorescence of an equally treated culture not expressing eGFP was determined and used for background subtraction.
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